###### Significance

Full atom modelling and molecular dynamic simulations of ionic polymer systems are presented to investigate lubrication mechanism of articular cartilage, as an example of molecular simulation study in biomechanics. We use chondroitin 6-sulfate molecules grafted on resilient surface as the polymer brush and water with sodium ions as the synovial liquid. With this model, we carried out a series of molecular dynamics simulation and analyzed how polymer brush and synovial fluid affect the lubrication under constant shear. Polymers have large deformation and the flow of synovial fluid becomes deviate from the Coutette flow, leading to a drastic reduction of friction.

Molecular simulations have been widely used in various fields of science and engineering. In particular, they provide indispensable tools in biophysics and biochemistry to examine dynamic process at atomic scales. In this paper, we present our molecular simulation study for lubrication mechanism of articular cartilage, as an example in biomechanics application.

Human joints move very smoothly even under high load, owing to articular cartilages covering each tip of the bones \[[@b1-16_466]\]. The relevant part of the articular cartilage, extracellular matrix, is a composite of collagen fibers, proteoglycan, and hyaluronic acid. The dynamic friction coefficient between two articular cartilage plates was found to be as small as 0.002--0.020 \[[@b2-16_466]\]. The lubrication mechanism has been discussed from various viewpoints \[[@b3-16_466],[@b4-16_466]\] in order to develop better joint replacements. Two relevant mechanisms are proposed; fluid pressurization mediated lubrication \[[@b5-16_466]\] and boundary lubrication due to biopolymers \[[@b6-16_466],[@b7-16_466]\].

We are investigating the role of biopolymers. On the surface of cartilages, aggregates of proteoglycan, negatively charged glycosylated protein, form a polymer brush. The role of such ionic polymer brush in lubrication has been theoretically pointed out \[[@b8-16_466]\], and we have carried out a series of molecular dynamics (MD) simulation with a coarse-grained model \[[@b9-16_466]\]. However detailed mechanism at atomic scale has not been fully understood.

Here we carry out full atom MD simulations with a nanoscale model of ionic polymer brush. One of our interests exists in the effect of various control parameters, such as shear rate and polymer length. In this paper, preliminary results of the simulation under a limited parameter range are described to show how this type of full atom simulations is utilized in the field of biotribology.

Methods
=======

Molecular dynamics simulation
-----------------------------

The simulations were performed with the LAMMPS code \[[@b10-16_466]\]. The equation of motion for each atom is integrated using the Verlet algorithm with a time step of 0.2 fs, and the particle-particle-particle-mesh (PPPM) method \[[@b11-16_466]\] was used for the electrostatic interactions. We adopt the DREIDING force field \[[@b12-16_466]\] for the polymer brush model. This force field is widely used for full atom simulation of various molecular systems; in particular, structure and mechanical properties of organic molecules in aqueous solutions, e.g., membranes \[[@b13-16_466]\] and hydrogels \[[@b14-16_466],[@b15-16_466]\], have been successfully investigated with DREIDING. The original parameter set is used without any adjustment since no experimental data are available on the detailed steric structure of proteoglycan aggregates. The force field is sufficient for our purpose to investigate the lubrication properties during polymer deformation under a large shear field.
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where the total potential energy *E*~total~ is expressed as the sum of bond stretch energy, bond angle energy, dihedral angle energy, and the non-bonding interactions. The last term consists of the van der Waals (Lennard-Jones, LJ) interaction and the electrostatic one between atom *i* and *j*. For the water molecules, we use the TIP3P model \[[@b16-16_466]\], where partial charge is allotted to each atom (O and H) while only the oxygen atoms have the LJ interaction. For the LJ interaction between different species A and B, the Lorentz-Berthelot empirical rule is assumed, as
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Simulation model
----------------

We assume a simple polymer brush system in a rectangular box. The system consists of three components, i.e., articular cartilage surface on the top and the bottom of the box, polymer brush on each surface, and synovial fluid between the surfaces. Periodic boundary is assumed along horizontal directions (*x* and *y*).

### Polymer brush

In a real articular cartilage system, polymer brush is composed of proteoglycan complex \[[@b17-16_466]\]. Since full atom simulation of the whole complex is out of reach, we investigate a component (glycosaminoglycan, GAG), which is bound to the core protein. The spacing of GAGs on the core protein is 20--40 A \[[@b18-16_466]\], from which we determine the area density of our brush model.

We adopt chondroitin 6-sulfate, the most important component of GAG, as the polymer, which is the majority among negatively charged polymers in articular cartilage \[[@b19-16_466]\]. Each unit of chondroitin 6-sulfate has two anionic sites, as shown in [Figure 1](#f1-16_466){ref-type="fig"}. To investigate the effect of polymer length on frictional behavior, three models with different polymer length (12--75 A) are used; however, the length is still much shorter than the real GAGs (200--600 A).

We graft nine polymers as a square lattice on the top and the bottom walls of 73.6×73.6 A^2^; the end atom (O) is connected to a fixed point on the wall by a harmonic spring in order to model resilient cartilage surface.

### Synovial fluid

Synovial fluid is composed of various ingredients, such as hyaluronic acid and glycoprotein \[[@b20-16_466]\]. In this study, however, only water is used as a starting point. To keep the charge neutrality, sodium ions are added, the interaction parameters of which are taken from Ref. \[[@b21-16_466]\]. Effects of extra electrolytes and biopolymers are to be investigated in future.

### Articular cartilage surface

Since articular cartilage consists mainly of water (60--85 weight% \[[@b22-16_466]\]), we embed water molecules in the polymer-grafted cartilage surface; 639 molecules are connected to each wall by harmonic springs to model the surface resilience. In the following description, the gap distance is defined as the distance between the two water-embedded surfaces. To prevent other atoms from passing through the surface during the simulation, extra walls are set behind the surface, which are interacting with atoms via the LJ (9-3) potential.

### Simulation procedure

As the initial conditions, we prepare a sufficiently large simulation box with vertically elongated polymers with low water density. The system is pressurized by reducing the gap distance and thermally equilibrated at 298 K with the Nosé-Hoover thermostat scheme. The final gap distance *L* is empirically determined so that the mean pressure is similar for the three models. We adopt a rather high mean pressure of \~10 GPa to suppress the fluctuations in stress calculation. The system description is given in [Table 1](#t1-16_466){ref-type="table"}. A snapshot of Model 2 at equilibrium is shown in [Figure 2](#f2-16_466){ref-type="fig"}. As a reference, we executed a similar simulation for the system without polymers (Model 0).

As the main calculation, we slide the top surface horizontally to the *y* direction at constant speed *v*~0~; in the following, results with *v*~0~=500 m/s are mainly described. Also in the main calculation, the temperature is controlled to 298 K to suppress the viscous heating; the local temperature is evaluated from the atomic velocities after subtracting the macroscopic shear flow velocity.

Results and Discussion
======================

In equilibrium, grafted polymers are entangled in thin gaps, as shown in [Figure 2](#f2-16_466){ref-type="fig"}. As the sliding proceeds, the entanglement is gradually relaxed and the polymers become elongated to the shear direction ([Fig. 3](#f3-16_466){ref-type="fig"}).

In the following, properties relevant to lubrication behaviour are shown mainly in the steady state.

Stress evaluation
-----------------

To evaluate the friction, we measure the stress on the bottom surface, σ*~zz~* for pressure normal to the surface and σ*~zy~* for the shear stress. Results are shown in [Figure 4](#f4-16_466){ref-type="fig"} for Model 2 and Model 3, where the sliding starts at time=0. As the sliding starts, molecules (water as well as polymers) exert recovery force on the surface, leading to the σ*~zy~* increase. The polymers are gradually elongated and the shear stress is relaxed to a steady state value. The relaxation time is longer for longer polymers. In the following analyses, we assume that Model 1 and Model 2 reach the steady state at 60 ps and Model 3 at 90 ps. Time average is taken for \~100 ps after reaching the steady state.

The mean values of σ*~zz~* and σ*~zy~* are shown in [Table 2](#t2-16_466){ref-type="table"}. Results for the system without polymers are shown as a reference (Model 0). For Model 3, simulation with higher shear rate (*v*~0~=1000 m/s) was separately executed to investigate the shear rate dependence.

The dynamic friction coefficient *μ*~f~ is defined as
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Two relevant factors exist, the polymer length and the shear rate. For longer polymers the friction coefficient drastically decreases; for example, *μ*~f~≈0.01 for Model 3, which is similar to experiments \[[@b2-16_466]\]. The shear rate dependence seems weak.

Velocity profile
----------------

To look into the mechanism of friction reduction by grafted polymers, the velocity profile is investigated ([Fig. 5](#f5-16_466){ref-type="fig"}). In the reference systems where the thin gap is filled only with water, the Couette flow is realized.

For the Couette flow, we can evaluate the viscosity coefficient *μ*~v~ of water as
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We obtain *μ*~v~=2.61×10^−3^ Pa·s, which is close to the experimental value of water at 298 K, 1.00×10^−3^ Pa·s \[[@b23-16_466]\].

Distribution of mass and charge
-------------------------------

The density profile shown in [Figure 6](#f6-16_466){ref-type="fig"} gives another insight. As the polymers move with the surface, a large amount of water is pushed out to the central slipping region. The water density is also high near the surface due to surface adsorption. It is interesting to note that sodium ions also prefer the central water-rich region, suggesting large stabilization due to hydration.

The local density of electric charge, including partial charge as well as ionic one, is also investigated, as shown in [Figure 7](#f7-16_466){ref-type="fig"}. Although small deviation exists, the charge neutrality holds in general, even under a large shear (*v*~0~=500 m/s), and no electrokinetic phenomena, such as sedimentation potential, are observed. However, they may exist when extra electrolytes are added; the investigation is under way.

Polymer deformation
-------------------

A simple measure of polymer deformation is the end-to-end distance *R~e~* defined as
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where $\overset{\rightarrow}{r_{1}}$ and $\overset{\rightarrow}{r_{N}}$ are the atomic position of the graft point and the chain end, respectively. The change of *R~e~* is shown in [Figure 8](#f8-16_466){ref-type="fig"}. At equilibrium *R~e~* is small. When the sliding starts, the grafted polymers elongate, leading to the *R~e~* increase to a steady value for the case of Model 2 and Model 3. An overshoot is observed for the longest polymer case (Model 3).

The transition from the equilibrium to the steady state is summarized in [Figure 9](#f9-16_466){ref-type="fig"} as a molecular weight (*W*) dependence. In the nature (equilibrium) state with a random coil shape, we expect $R_{e} \propto \sqrt{W}$ (dashed line), which roughly holds. The elongated state has *R~e~* ∝ *W* as expected.

Detailed analysis in energetics (change in conformation and solvation) is described elsewhere, but only the total potential energy is shown in [Figure 10](#f10-16_466){ref-type="fig"}. It increases soon after the sliding starts and reaches the steady value after an overshoot.

Here we give a brief comparison between our model and real joint systems. The typical chain length in the real system is 200--600 A \[[@b19-16_466]\] while that of our model is 75 A at most due to the computational resource limit. We have accordingly chosen a smaller gap distance (35 A). The characteristic time of the brush chain (e.g., the time for the chain to relax into equilibrium from a stretched form) is thus expected to be shorter than that of the real system. However, in the lubrication properties investigated in this study, the polymer behaviour is mainly determined by the shear speed; the deformation time is inversely proportional to the shear speed, as shown in [Figure 8](#f8-16_466){ref-type="fig"}, and the extrapolation to the real system conditions seems straightforward.

The difference in the shear rate seems to bring a more serious problem. The typical shear rate ranges in 10−10^3^ s^−1^ for the real system \[[@b3-16_466]\] while it is \~10^11^ s^−1^ for our model ([Table 2](#t2-16_466){ref-type="table"}); the discrepancy in the shear rate is huge. However, in the boundary lubrication regime where both surfaces directly interact, the sliding speed is the relevant parameter, not the shear rate. Typical sliding speed in the real situation is 0.1−10 m/s; although our speed (500 or 1000 m/s) is still two orders of magnitude larger, it would be possible to extrapolate our results into \~10 m/s conditions.

Conclusion
==========

Molecular simulation is a useful tool to investigate the dynamics of various biological systems in microscopic scales. As an example, a nanoscale polymer model was proposed in this paper to study the role of polymer brush in joint lubrication. We found that the interaction between the biopolymers grafted on resilient surface and the surrounding synovial fluid causes a large modification from the Couette flow, leading to a drastic shear reduction and a friction coefficient decrease.

Although we have been forced to carry out the simulations under extreme conditions, such as shorter chains and larger shear rate, we expect that these findings are useful to study the lubrication mechanism in microscales.

There exist many relevant parameters, such as graft density, graft site arrangement (e.g., lattice-like or random), electrolyte concentration and other components (e.g., hyaluronic acid and glycoprotein) of synovial fluid. Investigation of their contribution is underway.
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![A unit of chondroitin 6-sulfate.](16_466f1){#f1-16_466}

![A snapshot of the simulation system at equilibrium; side view of Model 2.](16_466f2){#f2-16_466}

![Example of polymer conformation under constant shear; side view of Model 2. Only the polymers and the embedded water molecules are shown.](16_466f3){#f3-16_466}

![Example of stress change during the simulation. Inserted is an enlarged figure for *σ~zy~* to show the increase after the sliding starts.](16_466f4){#f4-16_466}

![Velocity profiles at the steady state. "Reference" is the profile of the pure water (without polymers) system with the same gap distance.](16_466f5){#f5-16_466}

![Density profile at the steady state for Model 3. The profile of Na^+^ is enlarged by five times.](16_466f6){#f6-16_466}

![Charge density profile at the steady state for Model 3. The unit of the charge density is *e*/A^3^, where *e* is the elementary charge.](16_466f7){#f7-16_466}

![Change of the end-to-end distance of the grafted polymers during the simulation.](16_466f8){#f8-16_466}

![End-to-end distance, changing from the equilibrium values to the steady state ones.](16_466f9){#f9-16_466}

![Change of the total potential energy during the simulation.](16_466f10){#f10-16_466}

###### 

Simulation system

            Number of polymer units   Molecular weight \[−\]   Number of Na^+^   Number of water molecules   Number of atoms   Gap distance \[A\]
  --------- ------------------------- ------------------------ ----------------- --------------------------- ----------------- --------------------
  Model 0   --                        --                       --                11300                       33900             35.0
  Model 1   1                         443.34                   36                2160                        11142             9.0
  Model 2   4                         1773.35                  144               3750                        18396             19.0
  Model 3   8                         3516.70                  288               5600                        27258             35.0

###### 

Mean stress and friction coefficient

            Sliding speed \[m/s\]   Shear rate \[10^9^ s^−1^\]   σ*~zz~* \[GPa\]   σ*~zy~* \[GPa\]   Friction coefficient \[−\]
  --------- ----------------------- ---------------------------- ----------------- ----------------- ----------------------------
  Model 0   500                     143                          5.15±0.57         0.373±0.663       72.5×10^−3^
  Model 1   500                     556                          4.81±0.54         0.535±0.570       111×10^−3^
  Model 2   500                     263                          5.75±0.52         0.250±0.578       43.5×10^−3^
  Model 3   500                     143                          5.57±0.52         0.0466±0.580      8.37×10^−3^
            1000                    286                          5.78±0.43         0.0514±0.465      8.90×10^−3^
